Objective: Our aim was to explore the association between plasma cytokines and febrile status epilepticus (FSE) in children, as well as their potential as biomarkers of acute hippocampal injury. Methods: Analysis was performed on residual samples of children with FSE (n = 33) as part of the Consequences of Prolonged Febrile Seizures in Childhood study (FEBSTAT) and compared to children with fever (n = 17). Magnetic resonance imaging (MRI) was obtained as part of FEBSTAT within 72 h of FSE. Cytokine levels and ratios of antiinflammatory versus proinflammatory cytokines in children with and without hippocampal T2 hyperintensity were assessed as biomarkers of acute hippocampal injury after FSE. Results: Levels of interleukin (IL)-8 and epidermal growth factor (EGF) were significantly elevated after FSE in comparison to controls. IL-1b levels trended higher and IL-1RA trended lower following FSE, but did not reach statistical significance. Children with FSE were found to have significantly lower ratios of IL-1RA/IL-1b and IL-1RA/IL-8. Specific levels of any one individual cytokine were not associated with FSE. However, lower ratios of IL-1RA/IL-1b, IL-1RA/1L-6, and IL-1RA/ IL-8 were all associated with FSE. IL-6 and IL-8 levels were significantly higher and ratios of IL-1RA/IL-6 and IL-1RA/ IL-8 were significantly lower in children with T2 hippocampal hyperintensity on MRI after FSE in comparison to those without hippocampal signal abnormalities. Neither individual cytokine levels nor ratios of IL-1RA/IL-1b or IL-1RA/IL-8 were predictive of MRI changes. However, a lower ratio of IL-1RA/IL-6 was strongly predictive (odds ratio [OR] 21.5, 95% confidence interval [CI] 1.17-393) of hippocampal T2 hyperintensity after FSE. Significance: Our data support involvement of the IL-1 cytokine system, IL-6, and IL-8 in FSE in children. The identification of the IL-1RA/IL-6 ratio as a potential biomarker of acute hippocampal injury following FSE is the most significant finding. If replicated in another study, the IL-1RA/IL-6 ratio could represent a serologic biomarker that
Retrospective studies have suggested an association between febrile status epilepticus (FSE) and mesial temporal lobe epilepsy (MTLE). 1 The mechanisms by which this association occurs are not fully understood, although there is now increasing evidence that acute hippocampal injury occurs in some cases. 2 Why some children with FSE sustain acute hippocampal injury evident on magnetic resonance imaging (MRI) while others do not remains unknown. Although genetics clearly has a substantial influence, 3 animal models have suggested that inflammatory processes may also play an important role in the development of FSE and subsequent epileptogenesis. 4 It has been proposed that the interleukin (IL)-1 cytokine system may play a pivotal role in the development of FSE and MTLE. [4] [5] [6] IL-1b is the primary cytokine responsible for mediating febrile responses in humans and a powerful proconvulsant implicated in epileptogenesis. 5, 7 Elevation of IL-1b induces a robust release of other proinflammatory cytokines including IL-6 and IL-8, as well as its competitive antagonist IL-1RA (interleukin-1 receptor antagonist) a potent anticonvulsant. 6, 8 IL-1RA induction in response to IL-1b is an important component of antiinflammatory autoregulation. 9 It has been proposed that the ratio of IL-1b and other proinflammatory cytokines to IL-1RA plays a key role in the development of febrile seizures and the mediation of neuronal responses within the brain following injury. 6, 10, 11 Animal models have demonstrated elevations of proinflammatory cytokines (including IL-1b and IL-6) to be associated with acute hippocampal injury and epileptogenesis following FSE. 5, 12 Other proinflammatory cytokines including tumor necrosis factor-a (TNF-a), interferon-a (IFN-a), interferon-c (IFN-c), fibroblast growth factor (FGF), IL-2, IL-10, IL-17, vascular endothelial growth factor (VEGF), as well as the chemokines monocyte chemoattractant protein-1 (MCP-1 or CCL-2), macrophage inflammatory protein-1a (MIP-1a or CCL-3), macrophage inflammatory protein-1b (MIP-1b or CCL-4), regulated on activation, normal T expressed and secreted (RANTES or CCL-5), monokine induced by gamma interferon (MIG or CXCL-9), and interferon gamma-induced protein 10 (IP-10 or CXCL-10) and danger signal HMGB1 have been implicated in playing some role in the pathogenesis of either status epilepticus or epilepsy. 13 Comprehensive analysis of plasma cytokines following FSE in humans to our knowledge has not been reported.
The Consequences of Prolonged Febrile Seizures in Childhood (FEBSTAT) study is a prospective multi-center study designed to assess the potential relationship between FSE and subsequent development of MTLE. 14 We reported that hippocampal T2 hyperintensity following FSE may occur and likely represents acute injury, which may evolve into hippocampal sclerosis. 2 Whether these patients eventually go on to develop MTLE is still under investigation. Using a sub-cohort of the FEBSTAT study, our aim was to perform a pilot study to explore the potential association between plasma cytokines and FSE in children. Our primary hypothesis was that FSE would be associated with higher plasma IL-1b levels in comparison to febrile controls. We also sought to explore the potential of plasma cytokines as a biomarker of acute brain injury following FSE. As such, we evaluated plasma cytokines as predictors of acute hippocampal changes on MRI following FSE in a subset of the FEBSTAT cohort.
Methods
All FSE study subjects provided written informed consent and enrolled into the FEBSTAT study between June 2003 and January 2010. The FEBSTAT study, as well as the secondary study described here, was approved by the institutional review board. All subjects met FEBSTAT inclusion criteria: 6 years of age or younger with a febrile convulsion (temperature ≥38.4°C) lasting 30 min, or two or more convulsions without return to baseline over a 30-min period without evidence of central nervous system (CNS) infection. As part of the FEBSTAT study, magnetic resonance imaging (MRI) of the brain and electroencephalography
Key Points
• Following FSE there is an imbalance between proinflammatory cytokines (IL-1b, IL-6, and IL-8) and the antiinflammatory cytokine IL-1RA
• Elevated systemic inflammation as indicated by a lower IL-1RA/IL-6 ratio is a strong predictor of hippocampal T2 hyperintensity on MRI after FSE
• IL-1RA/IL-6 ratio is a potential biomarker of acute hippocampal injury following FSE, which may rapidly identify those at substantial risk for developing MTLE
• The IL-1 system, including those induced by IL-1b (IL-6, IL-8), may serve as targets for antiepileptogenesis interventions in the future (EEG) were obtained within 72 h of FSE. Detailed description of the FEBSTAT study design has been published previously. 14, 15 Plasma cytokine analysis was not part of the initial FEB-STAT study design. As part of the FEBSTAT protocol, plasma samples were obtained for viral testing within 72 h of FSE, and collected in ethylenediaminetetraacetic acid (EDTA) vacuum tubes. 16 It is notable that timing from FSE to specimen acquisition was not standardized and varied from subject to subject. Specimens were stored at room temperature after acquisition and shipped to Northwestern University. Upon arrival, plasma was separated via centrifuge and stored at À80°C for future testing. Cytokine profiling was subsequently performed on a sub-cohort of these repository samples. Only those subjects with concomitant cerebrospinal fluid (CSF) samples were used for this pilot study, as CSF samples were also to be analyzed for cytokine levels. Because lumbar puncture was not performed as part of the FEBSTAT protocol, only those patients with CSF obtained clinically with residual samples following clinical testing and study viral analysis were available for cytokine testing (n = 33). CSF cytokines did not reveal recordable levels of most cytokines tested (likely a result of sample degradation), and thus did not provide any additional information. Plasma controls were obtained separately from the FEBSTAT study from children 6 years of age and younger with fever (temp >38.4°C) alone without seizure or evidence of CNS infection. Samples were processed within 24 h of acquisition and handled in the same manner as the FEBSTAT cohort.
Cytokine profiling was performed using a multi-plex protein array assay (Invitrogen Human Cytokine 30-Plex Luminex Assay Cat #LHC6003M; see Table 1 ). For statistical purposes, cytokine levels (pg/ml) below the lower limit of quantification (LLQ) were reported as the midpoint between the zero and the LLQ per analyte. Cytokine levels above the upper limit of quantification (ULQ) were reported as the upper limit per analyte. Ratios of the following cytokines were calculated as markers of antiinflammation versus proinflammation (lower ratio implies greater inflammation, higher ratio implies less inflammation): IL-1RA/IL-1b, IL-1RA/IL-6, and IL-1RA/IL-8. To assess for association between cytokines and hippocampal T2 abnormality on MRI, the following cytokines, commonly implicated to have a role in epileptogenesis, were included in the analysis: IL-1b, IL-1RA, IL-6, IL-8, MCP-1, MIP-1a, and MIP-1b, as well as ratios of IL-1RA/IL-1b, IL-1RA/IL-6, and IL-1RA/IL-8.
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Statistical methods
Data were summarized using mean AE standard deviation (SD) for each cytokine and cytokine ratio. Nonparametric statistics using the Wilcoxon rank sum test was performed for all comparisons. Level of significance was set at p ≤ 0.05. This was applied to the primary hypothesis of IL-1b is higher in children with FSE. When a higher number of statistical comparisons was made (e.g., FEBSTAT plasma cytokines vs. control), a Bonferroni correction was performed to account for multiple comparisons (critical p-value ≤ 0.0024). Only cytokines with detectable levels in at least one of the two test groups were included in calculation of the Bonferroni correction. Odds ratios assessed the risk for FSE associated with cytokine ratios in 10 unit intervals. Within the FSE group, odds ratios assessed the risk for increased hippocampal T2 signal using cytokine ratios in 10 unit intervals.
Results
Cytokine analysis was performed on plasma samples obtained from children with FSE (n = 33) and controls (n = 17; Table 1 ). Profiles for each cytokine/chemokine of interest are displayed in Figure 1 . Considerable intersubject variability was seen. Although IL-1b plasma levels trended higher in children with FSE, results were not statistically significant. IL-1RA trended lower in children with FSE, although after correction for multiple comparisons, results were not statistically significant. IL-8 and EGF (epidermal growth factor) had significantly higher plasma levels in children with FSE, whereas VEGF, G-CSF (granulocyte colony-stimulating factor), and IL-2R (soluble interleukin-2 Figure 1 . Plasma cytokine profiles of children within 72 h of febrile status epilepticus (FSE) and children with fever alone (control). Plasma levels of IL-8, EGF, and IL-2R were all statistically higher in children with FSE in comparison to controls. The ratios of IL-1RA/ IL-1b and IL-1RA/ IL-8 were significantly lower in the FSE group (*statistically significant, p ≤ 0.0024). Epilepsia ILAE receptor) levels were significantly lower. No other individual cytokines reached statistically significant difference between FSE and control groups. However, children with FSE had a significantly lower IL-1RA/IL-1b and IL-1RA/ IL-8 ratios, and the IL-1RA/ IL-6 ratio trended lower, but did not reach statistical significance (Table 1 and Fig. 1 ). Although none of the individual absolute values for any one cytokine was associated with FSE, lower ratios of IL-1RA/ IL-1b, IL-1RA/IL-6, and IL-1RA/IL-8 were all associated ( Table 2 , Fig. 2 ). There were no associations between cytokine levels or cytokine ratios and seizure duration or peak temperature of fever in our cohort.
We further assessed the potential association between cytokines and the development of hippocampal T2 hyperintensity on MRI within 72 h of FSE (Table 3) . In our cohort, 5 of 27 children had acute T2 abnormalities. Children with acute T2 signal had significantly higher IL-6 and IL-8 plasma levels, and lower IL-1RA/IL-6, and IL-RA/IL-8 ratios (Table 3) . On logistic regression, the IL-1RA/IL-6 ratio strongly increased the risk of acute T2 hippocampal signal abnormality (Table 2 ). There were no significant differences in plasma cytokines in subjects with or without focal slowing or attenuation on EEG.
Discussion
Peripheral cytokines and FSE
Peripheral cytokines can impact brain function as evidenced by CNS symptoms (fever, anorexia, lethargy, and lower seizure threshold) during times of heightened systemic inflammation (febrile illness, sepsis). Animal models have shown that systemic inflammation may increase seizure susceptibility by provoking inflammatory cytokine (TNF-a and IL-1b) induction within the CNS (hippocampus and cortex). 17 Blockade of this process with neutralizing antibodies against these cytokines as well as inhibition of microglial activation, has prevented the subsequent development of long-term seizure susceptibility later in the life. 17 Furthermore, peripheral inflammation has been shown to synergistically potentiate seizures and enhance seizureinduced proinflammatory cytokine production and microglial activation in a recently described animal model of febrile seizures. 18 Although peripheral cytokine levels may not be an accurate reflection of CNS cytokine activity, there are mechanisms by which their presence may induce a reciprocal Relationship between IL-1b and IL-1RA in the development of febrile status epilepticus (FSE). Patients with FSE (blue diamonds) favored an imbalance between IL-1b (higher) and IL-1RA (lower) as opposed to control patients with fever only (red boxes). As the balance shifts toward higher IL-1b and lower IL-1RA (orange), seizure threshold goes down and the likelihood of FSE increases (orange). As the balance shifts toward lower IL-1b and higher IL-1RA (purple), seizure threshold is higher and the likelihood of FSE decreases. Epilepsia ILAE inflammatory response within the brain. Direct binding of peripheral cytokines to receptors located within the circumventricular organs and indirect activation through afferent vagal nerve pathways can activate CNS cytokine signaling pathways. 19 In the CNS, cytokines may be released by neurons, astrocytes, microglia, and infiltrating macrophages. The presence of cytokines in the periphery has been associated with breakdown of the blood-brain barrier (BBB) resulting in increased permeability to ions and serum albumin, which may result in acute and chronic neuronal hyperexcitability. 9 Furthermore, these changes in BBB permeability may favor entry of peripheral cytokines, as well as cells of the innate and adaptive immune system into the CNS, resulting in further activation of the inflammatory cascade within the brain. 9 Similarly, breakdown of the BBB may also allow for leakage of cytokines released by cells in the CNS to cross over into the blood and contribute to changes in peripheral cytokine levels. Induction of inflammatory cytokines within the brain following FSE is well documented in animal models in support of this possible process. 4, 12 Our data support an association between the IL-1 system, IL-6, IL-8, and FSE in children. Although implicated in animal models of FSE, several studies in humans, (including ours) have found no difference in plasma levels of IL-1b in children with or without febrile seizures. [20] [21] [22] There are several explanations for these findings. A recent study using an animal model of FSE reported increased hippocampal levels of IL-1b occurring 1-3 h after FSE, with rapid decline over 24 h and return to baseline by 96 h. IL-6 peaked later at 24 h. 12 As such, timing of specimen acquisition from FSE is important, as levels may change over time. Enrollment into FEBSTAT occurred within 72 h of FSE. Due to the consenting process, it is unlikely that any of the FEBSTAT study blood specimens were acquired in the 1-6 h window. One may assume that most of the specimens were acquired 24-48 h post-FSE. Based on the animal data, we may predict IL-1b levels to be declining over this time, whereas IL-6 levels would be rising. This is consistent with a substantial number of our patients having low IL-1b. It is interesting to note that in this same model of FSE, investigators reported a significant degree of intersubject variability of cytokines, similar to that of our findings (Fig. 1) . 12 They reported that only a subset of rats had elevated hippocampal inflammatory markers (IL-1b and IL-6), whereas others had no significant changes. These findings suggest that certain populations may be predisposed to heightened inflammatory responses. It is notable that in this same model, this response was associated with hippocampal T2 changes on MRI and predictive of the development of epilepsy. 12 These findings are consistent with our report of higher IL-6 and IL-8 levels in our patients with MRI changes.
There are other further possible explanations for variability of IL-1b in the periphery following FSE. Extracellular IL-1b has a higher affinity for binding to large plasma proteins such as a-2-macroglobulin and complement, and perhaps more importantly, soluble type II IL-1 receptor (IL-1sRII) circulating in the extracellular fluid. 23 Elevated levels of IL-1sRII have been found in conditions known for excessive inflammation such as sepsis. 24 The presence of IL-1sRII may reduce detection of IL-1b in clinical samples by 50%. 25 In addition, minimal concentrations of IL-1b are required to induce a robust inflammatory response. 26 Following initial IL-1R binding, significant amplification of the IL-1b signal occurs through multiple and sequential phosphorylation of protein kinases that activate numerous other signal transduction pathways. For these reasons, plasma IL-1b is not likely the best marker of IL-1 system activation. Conversely, based on their robust release following IL-1b induction, IL-1RA, IL-6, and IL-8 have been implicated as excellent surrogate markers of IL-1b activity. 23, 27, 28 In our study, children with FSE trended toward lower absolute levels of IL-1RA. In animal models of SE, a substantial rise in IL-1RA occurs peaking at 24 h in response to the IL-1b surge. 29, 30 As such, we would expect our FSE group to have higher IL-1RA levels, corresponding to a predicted increase in IL-1b signal transduction. However, this was not seen in most of our subjects. In fact, the FSE group overall had lower ratios of IL-1RA/IL-1B and IL-1RA/IL-8 in comparison to the febrile controls (IL-1RA/IL-6 trended lower as well). These findings might suggest that in some children with FSE the IL-1RA autoregulatory response to IL-1b induction may be inadequate to suppress the proconvulsant effects of IL-1b, thus creating the propensity for FSE (Fig. 2) . A few patients in the FSE group had quite high IL-1RA levels. This could suggest that in this group, the IL-1RA being produced may not be effective. Polymorphisms in the IL-1b, IL-1RA, or IL-1R genes (as well as IL-6) have been reported in children with FS 31 and could result in the following proconvulsant circumstances: excessive 1L-1b release with saturation of IL-1Rs, defective IL-1RA production, inadequate IL-1RA release, and defective IL-1RA binding to IL-1R. These genetic variations could provide yet another explanation for some of the extreme variability in the absolute cytokine levels seen in our subjects.
It is notable that although several cytokines had statistical differences between the plasma levels in the FEBSTAT cohort in comparison to controls (high IL-8 and EGF, low VEGF, G-CSF, and IL-2R), the absolute values of each individual cytokine were not associated with FSE. Our results suggest that assessing the ratios of antiinflammatory (IL-1RA) to proinflammatory (IL-1b, IL-6, IL-8) to be much more relevant, with lower IL-1RA/IL-1b, IL-1RA/ IL-6, and IL-1RA/IL-8 ratios all being associated with FSE. These ratios more appropriately describe the intensity of inflammation versus the adequacy of the antinflammatory response. As such, one possible mechanism for the heightened proconvulsant state leading to the development of FSE may involve imbalance between the proinflammatory and antiinflammatory cytokines involved in the IL-1 system.
We also found higher plasma EGF in our cohort, which further supports the involvement of the IL-1 system in FSE. EGF has been established as a sensitive assessment of IL-1b-induced signal transduction. 32 IL-1b binds to the EGF receptor resulting in phosphorylation, which impacts the receptors affinity for binding EGF. 32 This results in an overall increase in the unbound EGF, which is detected in the plasma. EGF has been reported to induce posttranscriptional production of IL-1b, 33 which would then further perpetuate the inflammatory cycle. This makes EGF another potential surrogate marker of IL-1b activity and provides one explanation of the EGF elevation seen in the FSE cohort, aside from being induced by seizure activity alone. 23 Furthermore, activation of EGF-Ras signal transduction pathways by EGF or IL-1b may be proposed to play a role in FSE and epileptogenesis. Animal models have demonstrated that through activation of the mitogen-activated protein kinase-extracellular signal-regulated kinase (MEK-ERK) signal transduction pathway (induced by EGF-RAS), N-methyl-D-aspartate (NMDA) receptor subunits can be augmented and this is associated with spontaneous epileptic seizures. 34 Furthermore, blockade of this pathway had a strong antiepileptic effect. 34 To our knowledge, this is the first description of EGF associated with FSE in the literature.
Of interest, IL-8 was also elevated in our cohort. IL-8 strongly promotes leukocyte migration into the CNS by inducing neutrophil-endothelial adhesions and contributes to BBB breakdown in acute brain injury. 35, 36 Blockade of peripheral leukocyte infiltration into the CNS, as well as peripheral depletion, has been shown to prevent acute seizure induction and epileptogenesis in animal models. 36 Through these mechanisms IL-8 may contribute to the proconvulsant environment created by the IL-1 system in FSE and possibly promote epileptogenesis.
It is important to acknowledge that our cytokine levels were obtained after FSE. Cytokine levels have been reported to be elevated following seizures alone. 37, 38 As such, the differences seen in our two groups may be secondary to the FSE itself, and may not imply causality. That said, the association seen between FSE and an imbalanced antiinflammatory to proinflammatory cytokine state in our cohort remains an interesting one. The potential cascade by which the 1L-system could play a role in the pathogenesis of FSE as well as epileptogenesis is shown in Figure 3 . 39 
Cytokines as potential biomarkers for the development of MTLE
The most important finding in our study is the identification of IL-1RA/ IL-6 ratio as a potential biomarker for the development of acute brain injury following FSE. The FEBSTAT study was designed to assess the observed relationship between FSE and subsequent MTLE, with the aim of assessing potential biomarkers (MRI, EEG, and neuropsychological testing), which may predict MTLE in children following FSE. We previously reported that following FSE, hippocampal T2 hyperintensity may occur and evolve into a radiographic hippocampal sclerosis at 1 year. 2 In an animal model of FSE, neither MRI hippocampal T2 signal nor interictal EEG activity predicted epileptogenesis. 5 However, hippocampal levels of IL-1b were significantly elevated for 24 h after FSE, and remained chronically elevated in rats that went onto develop spontaneous seizures, suggesting a role of IL-1b in epileptogenesis. 5 We found that children who develop hippocampal T2 signal abnormality (representative of acute brain injury) following FSE, have a greater degree of systemic inflammation (elevated IL-6 and IL-8 plasma levels, as well as lower mean IL-1RA/IL-6 and IL-1RA/IL-8 ratios). Although plasma IL-1b levels and IL-RA/IL-1b ratio were not associated with MRI changes, these findings are consistent with the previous discussions regarding IL-1RA, IL-6, and IL-8 as better surrogate markers of IL-1b activation rather than IL-1b itself. Only lower IL-1RA/IL-6 ratio was predictive of increased risk of acute T2 hippocampal signal abnormality (Table 2 ) and carried a strong association (odds ratio [OR] 21.5, confidence interval [CI] 1.17-393). Given the small sample size of MRIs with abnormal hippocampal T2, the large CIs are expected. Despite this, the OR is very high and remains statistically significant.
Role of IL-1RA/IL-6 ratio as a biomarker of MTLE
Albeit pilot data, the strong association between low IL-1RA/IL-6 ratio and T2 hippocampal signal abnormality carries substantial implications. If T2 hippocampal hyperintensity within 72 h of FSE ultimately proves to be a biomarker for the eventual development of MTLE, then the IL-1RA/IL-6 ratio may be a sensitive biomarker as well. To our knowledge, the IL-RA/IL-6 ratio has not been assessed as a biomarker of brain injury in FSE previously, but it has been reported as a marker of outcome in patients with traumatic brain injury. Bartfai et al. 10 reported a positive correlation between good clinical outcomes (Glasgow Outcome Scale) and rising ratios of CSF IL-1RA/IL-6 over 7 days after TBI. Similar to our study, absolute values of cytokines varied considerably, and did not correlate with outcome.
If replicated in another study designed specifically to evaluate cytokines, the IL-1RA/IL-6 ratio could represent a serologic biomarker that may offer rapid identification of (4) and inhibition of Cl À influx through GABA channels (E). In other cytokine-producing cells (including neurons), signal transduction pathways activated by IL-1b induce gene transcription (F) resulting in production and release of more inflammatory cytokines (IL-6 and IL-8) from cells within the CNS (may occur independent of the presence of systemic inflammation) or if in the periphery, cross over the BBB at the circumventricular organs, as well as contribute to blood-brain barrier breakdown themselves. These cytokines also induce intracellular signal transduction pathways, thereby regulating gene transcription. This perpetuates the inflammatory cascade within the CNS, and along with the impact of the cytokines on ion channels, contributes to the cycle of increased excitability, lower seizure threshold, and ultimately development of status epilepticus. Long-term, gene transcription produces cellular changes, which along with chronic inflammation, leads to the eventual development epilepsy. patients at risk for ultimately developing MTLE, without the need for neuroimaging and the logistic issues that often accompany it. Once identified early, patients at risk for MTLE could then be candidates for antiepileptogenic interventions. Our data support previously raised questions as to whether these cytokine pathways should be considered as targets to potentially abort epileptogenesis. There are a number of potential therapeutic agents currently available that target IL-1 signal transduction system and IL-6 that could be investigated including corticosteroids, anakinra, and tocilizumab.
40,41
Limitations Our study has significant potential limitations. Optimally, studies designed to evaluate cytokines have samples drawn into EDTA tubes, are processed (centrifuged at 2,000 g for 10 min at room temperature and aliquoted), and are frozen at À80°C within 90 min of acquisition. 42 Studies have shown that delays in processing can result in significant changes in cytokine levels within a given sample. 43 Depending on the cytokine, both increases and decreases may be seen. Cytokine testing was not part of the initial FEBSTAT protocol. As such, following acquisition, samples were not handled in a standardized manner. Samples were stored at room temperature for 24-48 h prior to being processed. Jackman et al. 43 performed detailed cytokine analysis to assess the effect of blood sample age on measured endogenous cytokine concentrations in human plasma. It is worth noting that IL-8, EGF, IL-1b, IL-1RA, and TNF-a all elevate over time, whereas IL-6 decreases. These findings, could explain our elevations of IL-8 and EGF, as well as the trend of IL-1b being higher following FSE. However, we would also expect to see lower IL-6 and higher IL-1RA and TNF-a in the FEBSTAT cohort, as the controls were processed within 24 h of acquisition and would have less anticipated changes to cytokine levels. We reported the opposite findings with IL-6 trending higher and IL-1RA levels trending lower, and TNF-a below the lower limits of quantification for both groups. This, along with our findings being consistent with those seen in animal models, would suggest that our results are likely valid. We also do not know the exact timing of specimen acquisition in relation to the FSE. As discussed previously, some cytokine levels could vary (either higher or lower) depending on the proximity to the FSE. 12 However if we assume that most samples were likely obtained in the 24-48 h window following FSE, our findings are consistent with that seen in the animal models.
Conclusion
In conclusion, our pilot data support involvement of the IL-1 cytokine system, IL-6, and IL-8 in association with FSE in children, as well as a potential role in the development of MTLE. We hypothesize that in some children, the IL-1RA autoregulatory response may be inadequate to suppress the proconvulsant effects of IL-1b, IL-6, and IL-8, thus creating the propensity for FSE. This hypothesis is supported by our findings of low antiinflammatory (IL-1RA) to proinflammatory cytokines (IL-1b, IL-6, and IL-8) ratios in association with FSE. Extreme imbalance of IL-1RA to IL-6 appears to be a possible biomarker for acute hippocampal injury, and may serve as a potential biomarker of eventual development of MTLE. Further studies are needed to further delineate the role of IL-1 system and related cytokines in the development of FSE and TLE in humans.
